Abstract -We use polarized neutron scattering to obtain quantitative information about the magnetic state of sub-100 nm circular magnetic dots. Evidence for the transition from a single domain to a vortex state, as a function of the dot diameter and magnetic field, is found from magnetization curves and confirmed by micromagnetic and Monte-Carlo simulations. For 20 nmthick Fe dots with diameters close to 60 nm, the vortex is the ground state. The magnetization of the vortex core (140 ± 50 emu/cm 3 ) and its diameter (19 ± 4 nm) obtained from polarized neutron scattering are in agreement with simulations.
Introduction. -Magnetic vortices [1, 2] , a magnetization vector field with non-zero chirality, appearing in nano-and micrometer-sized elements have attracted much basic interest recently due to an ever increasing demand for high-density magnetic recording. In particular, magnetization reversal involving magnetic vortices has been studied in a wide variety of patterned structures [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Since the first imaging of magnetic vortices in permalloy (Py) sub-1 µm disks using magnetic force microscopy (MFM) [1] , many efforts have focused on the 3D spin structure and magnetic reversal via the vortex state [3] [4] [5] , vortex dynamics [6] [7] [8] and switching of the vortex core polarity [9, 10] , and vortex chirality [11] , in dots, rings, and other micro-and nano-patterned structures. Those studies were performed by magneto-optical Kerr effect (MOKE) magnetometry, magnetic-resonance measurements, magnetization-sensitive microscopies, such as MFM, scanning electron or ion microscopy with polarization analysis (SEMPA and SIMPA, respectively), spin-polarized scanning tunneling microscopy (SP-STM), X-ray magnetic circular dichroism (XMCD), and Lorenz microscopy. Most experiments were performed with planar structures whose in-plane size was much larger than 100 nm. Imaging the vortex in sub-100 nm structures is limited by the resolution of the tools [3, 8] 1 and therefore is only qualitative without quantification of the magnetization or size of the vortex core. Particularly, scanning probe techniques provide a convolution of the tip structure with the magnetic structures of interest and therefore quantitative determination is hampered by the detailed knowledge of the tip structure [1, 3] . For example, the vortex core sizes were measured with 1 So far we have been unable to reproducibly resolve the vortex core with SEMPA or MFM. We are aware of only two successful prior imagings of a vortex core [3, 8] . SIMPA [5] and XMCD [8] in sub-1 micron elements, and with SP-STM in 150-500 nm elements [3] , although quantitative information about core magnetization was not obtained. This information is important e.g. for studies of core dynamics [6] [7] [8] [9] [10] and interaction with superconductors [12] .
Here, we present a quantitative polarized neutron scattering measurement of the out-of-plane (OOP) magnetization of the vortex core in sub-100 nm Fe nanodots. Using SQUID magnetometry and micromagnetic (MM) and Monte Carlo (MC) simulations, we find the range of dot diameters for which the reversal of in-plane magnetization occurs via motion of a vortex, and the vortex is the ground state of the dots at remanence. Next, we establish the range of fields for which the vortex state is present in those dots. Using Grazing Incidence Small-Angle Neutron Scattering (polarized GI-SANS), we obtain the magnitude of the OOP magnetization and the corresponding vortex core size (independently of magnetometry) in good agreement with MM and MC simulations.
Samples and magnetization: measurements and simulations. -Hexagonally ordered polycrystalline Fe dots (20 nm thick) are prepared using anodized alumina masks on silicon substrates [13] . Dot diameters in the range 25-150 nm and periodicities, which are twice as large, have narrow distributions (10% standard deviation). The magnetic response of the array reflects the average response of a single dot because with the periodicitydiameter ratio of ∼ 2, dipolar interactions between the dots can be neglected [14, 15] . Porous alumina lithography provides macroscopic area samples, which enable the use of bulk magnetometry and neutron scattering, in contrast to most other lithographic techniques.
MC simulations are performed using the Metropolis algorithm with local dynamics and single-spin flip methods (for details see ref. [15] ). Standard text-book values for bulk iron as defined in OOMMF [16] package were used used in MM simulations (A =21× 10 −12 J/m, K = 48 kJ/m 3 , M s =1.7 × 10 6 A/m). In-plane SQUID magnetization measurements are performed between 10 K and 300 K ( fig. 1 ) in the as-grown state (never exposed to magnetic field) or after demagnetization by cycling through minor loops. Since the domain wall width is comparable to the dot size, Fe dots with sub-100 nm diameters do not form multi-domain states 2 . For such dots, the coercivity and magnetic equilibrium state depend on the dot diameter ( fig. 1 ): For diameters larger than ∼ 60 nm, the coercivity is reduced, with a narrowing of the hysteresis loop close to the zero-magnetization states. For smaller diameters, the hysteresis loops resemble closely those of a random distribution of magnetic elements in single domain states. For simplicity, fig. 1 shows the comparison of two (out of many) hysteresis curves for 43 nm and 65 nm diameter dots. The ratio δ = W M =0 /W M =0.5Ms of the hysteresis loop widths at M = 0 (zero magnetization) and M =0.5M s (M s : saturation magnetization) illustrates the effect of size on the hysteresis loop shape. Figure 2 shows the dependence of δ on the dot diameter obtained from both the experimental loops and MC simulations [15] . For dot diameters smaller than 60 nm, δ is ∼ 1, corresponding to a single-domain spin configuration, as expected. For dot diameters close to 60 nm, this ratio is highly reduced due to the appearance of the narrowing ("neck") near zero magnetization.
This neck close to zero magnetization is attributed to the vortex state, as claimed earlier from MM simulation and MOKE [17] . In cylindrical ferromagnetic dots, microns or sub-micron in size, and with the diameter-to-thickness aspect ratio exceeding 1, the spin structure is mostly inplane with a vortex-like curling spin arrangement that reduces the magnetostatic energy by flux closure. The topological singularity in the middle of the dot is resolved in the form of a vortex core -the region with an OOP magnetization. Switching from a single domain to the vortex state -the state with reduced magnetizationdecreases the width of the hysteresis loop near zero magnetization.
In large diameter dots containing a vortex (e.g.,1µm Py dots), as the field is decreased from the high field saturated state, switching may occur into a vortex state in a positive field, resulting in zero remanent magnetization, and coercivity. In contrast, for smaller dots with reversal via vortex, the remanent state obtained after reducing the field to zero from the saturated state, is not a vortex state.
To overcome the energy barrier to form a vortex in small dots, several hundred Oersteds fields, applied opposite to the direction of saturation are required [15, 18] . In the absence of a large enough reversal field, the system remains in a local minimum (the so-called "C-state" [15] ) instead of going into the ground state vortex. The ground state at remanence can be observed in as-grown or demagnetized samples.
The energy barrier associated with vortex nucleation is consistent with the temperature dependence of the hysteresis curves. At T = 300 K, the neck is more pronounced than at T =10K, i.e. the coercive field and remanence are reduced at 300 K. This is consistent with the thermal activation of the switching to the vortex state, which leads to a less negative vortex nucleation field (when coming from positive saturation) [19] . Other contributions to the finite remanence and coercive field may include 1) small [14] inter-dot interactions, 2) contributions from very small single domain dots comprising the tail in the size distribution, and 3) deviations from smooth circular dots that tend to suppress vortex formation.
In addition to the narrowing of the hysteresis loops, the approach to saturation from the as-grown or demagnetized states is dramatically different for dots containing vortices. For dots (with diameters < 60 nm) in the single domain state, the initial ("virgin") magnetization curve is contained well inside the major hysteresis loop, while for larger dots (> 60 nm)-the virgin curve and the increasing branch of the hysteresis loops join at low fields [15] . Moreover, above 60 nm, below the vortex-annihilation field, the virgin curve is nearly linear and mostly reversible in a wide range of applied field (M r < 0.1M s for H<1kOe). This reversibility means that the vortex core returns to the center of the dot once the applied field is removed. As the applied field drives the vortex core across the dot boundary, the vortex is annihilated and the magnetization becomes irreversible 3 . MC [15] and MM [16] simulations reproduce the shape and reversibility of the virgin curve, provide vortex nucleation and annihilation fields close to experimental values and confirm that a vortex is the ground state.
Neutron scattering experiments. -To measure the OOP magnetization, M z , of the vortex core and its diameter we perform polarized GI-SANS [20] with and without polarization analysis (at room temperature) for the dot sizes and field conditions which favor a vortex state. A ∼ 1.8cm 2 array of Fe dots with an average diameter 65 ± 7 nm, spacing 110 ± 12 nm and thickness 20 nm is magnetically conditioned using the following protocol. First, a small, 34 Oe, field is applied perpendicular to the sample plane (+z in fig. 3(a) ) to set the preferred direction for the vortex core magnetization (core polarity). Next, a second field of −4 kOe is applied in the sample 3 The reversibility analysis is used with the First Order Reversal Curve FORC method to fingerprint the vortex state as described in ref. [18] . plane (−y in fig. 3(a) ) to saturate the dots and then slowly increased to +300 Oe -a field that exceeds the vortex nucleation field ( fig. 1 ), before returning this field to zero, leaving only the 34 Oe along +z (see footnote 4 ). A portion of the intensity of neutrons scattered in a cone around the specularly reflected beam ( fig. 3(a) ) [21] [22] [23] is measured as a function of position and time of flight. This provides the Q z and Q y components of the wavevector transfer (the difference between the incoming and outgoing neutron wavevectors) 5 . Our experiment becomes most sensitive to the magnetization along the vortex core when the neutron beam 4 The out-of-plane field is needed to maintain the polarization of the neutron beam and to set the direction of the vortex core magnetization, "vortex polarity". 5 The vertical and horizontal divergences of incident neutron beam are 5 mrad and 0.6 mrad, respectively. The sample-to-detector distance is 2.35 m. fig. 3(b) . Also shown in it is the neutron scattering measured from a continuous Co film also with OOP magnetization [24] . The excess intensity between the blue symbols and the green dashed curve is the small-angle scattering (diffraction) from the array of Fe dots.
Data analysis and results. -To extract the intensity of the small-angle scattering, we convolute a curve representing the small angle scattering (in the form of a Gaussian peak with integrated intensity S and centered at ±|Q 0 y |), and the specular reflectivity (a delta function) with the instrumental broadening of the instrument (measured using the continuous Co film yielding the green dashed curve in fig. 3(b) ). The optimum value of |Q 0 y | yields a dot periodicity of 106 ± 9 nm, in agreement with the value obtained from the SEM images. The result for Q z =0.011Å −1 is shown as the solid red curve in fig. 3 (b) (there are nine such Q y scans for different values of Q z and for each of neutron spin-up, spin-down, and spin-down with polarization analysis). The intensities of the small angle scattering as a function of Q z are shown in fig. 3(c) .
Integrating these values for Q z > 0.01Å −1 ,w h e r et h e neutron wave function is not purely imaginary (i.e.a bo v e the critical edge), gives (in arbitrary units)
The spin asymmetry of the small-angle scattering defined as
The non-spin-flip differential scattering cross-section
± (see footnote 6 ) is related to the appropriate spin-dependent scattering length density ρ
6C is a collection of spin-independent terms representing the density of dots, form and structure factors, etc. Its detailed derivation is to be published elsewhere. 2ρ n ρ mz ,w i t hρ n and ρ mz the nuclear and magnetic neutron scattering length densities, respectively. Hence,
Solving this equation for ρ mz and using the literature value ρ n =8× 10 −6Å−2 for Fe [20] , we obtain the net OOP magnetization averaged over the volume of the dot, m z = 140 ± 50 emu/cm 3 . This magnetization is equivalent to that of a 20 nm-thick Fe cylinder with a diameter of 19 ± 4 nm (which is found as 65 nm × m z /M s ,u s i n g literature value of M s = 1714 emu/cm 3 ), representing a vortex core ( fig. 4(a) ). The net OOP magnetization being opposite to the 34 Oe applied field (P a < 0) confirms that it is not just a tilt of magnetization in response to that field.
Results of calculations. -The magnetization profile for a single 20 nm-thick Fe dot of 65 nm diameter obtained using MM simulation is presented in fig. 4(b) . The corresponding m z =78emu/cm 3 and the vortex core diameter, 14 nm, in qualitative agreement with the experimental result from neutron scattering. The difference is probably related to the fact that we used bulk parameters in the micromagnetic calculations. For instance, using A =42× 10 −12 J/m instead of 21 × 10 −12 J/m, results in m z = 147 emu/cm 3 ,a n dd core = 19 nm, matching the experimental numbers extremely well. The corresponding values obtained using MC calculations are 103 emu/cm 3 and ∼ 16 nm. Simulations also show that the magnetic moments outside the vortex core are slightly canted, (i.e. have a small M z component) opposite to the vortex core magnetization. Such canting has been previously observed in sub-micron dots [4] . The total magnetic moment of the canted magnetization outside of the core is ∼ 1.9 × 10 −15 emu, which is about 2.8 times smaller than the total magnetic moment of the core (∼ 5.3 × 10 −15 emu). The OOP magnetization forms two concentric domains, thus reducing the magnetostatic energy by more than the added exchange energy. Similar concentric domains also appear in the analytical consideration [25] of a similar problem: circularly symmetric magnetization of an infinite thin film with OOP anisotropy. Specifically, zeros of M z (r) are found at the radii equal to (3.1+5.8n)w,w he ren =0, 1, 2 . . . is an integer, and w is a domain wall parameter A/K [25] (different from ours 7 , as the anisotropy is different). The ratio of the radii of the zeros for n =0 and n =1 is 8.9/3.1 ≈ 2.9. For our MM simulations with the edge of the dot taken as the point corresponding to n =1, this ratio is ∼ 2.3, in fair agreement with the analytical result. Commensuration of these zeros [25] of M z (r)w i t h the dot diameter may also be related to the variation of the vortex stability in the dots with different diameters, presented in fig. 2 . The origin of the dependence of δ on the dot diameter requires further investigation.
Conclusions. -We have obtained evidence for the appearance of the magnetic vortex in 20 nm-thick Fe dots with diameters smaller than 100 nm, and a transition from the vortex state to a single domain with decreasing dot diameter and increasing applied field. Using polarized neutron scattering, we have measured the out-of-plane magnetization of the vortex core, m z = 140 ± 50 emu/cm 
